Introduction
Cyclic plasticity modelling of metals needs individual approach. There are specific theories for various metallic materials including mainly phenomenological models, useful for practical applications [1] . However, a robust cyclic plasticity model with higher number of parameters, which should be estimated using a large amount of experimental fatigue test data, is often required for correct description of material behaviour. It is true mainly for case of stress controlled loading with non-zero mean stress value, when cyclic creep or so called ratcheting occurs. The ratcheting effect can be described as an accumulation of any component of strain tensor with increasing number of cycles. It was recognized [2 -3] , that cyclic plasticity models recently included in common commercial FE programs (namely overlay Besseling model [4] and Armstrong-Frederick type model of Chaboche [5] ) cannot correctly describe ratcheting under uniaxial and non-proportional multiaxial loading simultaneously and cannot capture non-proportional hardening, non-Masing's behavior and other important effects of cyclic plasticity. The problem can be solved by implementing a more complex cyclic plasticity model into a FE code, see publications [6] and [7] . This paper is focused on the stress-strain behaviour of the Class C steel in cyclic plastic domain and its FE simulation. An experimental study on the wheel steel specimens including uniaxial as well as multiaxial tests has been realized in the laboratory at Department of mechanics of materials of VŠB-TU Ostrava. The MAKOC model applied in simulations gives very good prediction of ratcheting in all solved cases.
Description of experimental study
The main attention in this study was paid o study ratcheting under non-proportional loading. The specimens were subjected to tension-torsion tests on the reconstructed testing machine INOVA 100kN/1000Nm (Fig.1) as in the previous study, performed on ST52 steel [8] . The extensometer EPSILON 3550 with 25.4mm gauge length was used to measure axial and shear strain simultaneously. The testing specimen has tubular testing part with outer Performed uniaxial multistep test under strain rate of 0.01s -1 has revealed a cyclically stable behaviour of the steel under higher amplitude of loading. Figure 2 shows uniaxial hysteresis loops obtained from uniaxial multistep test, whereas figure 3 displays resulting cyclic stress-strain curve from mentioned tests.
There was applied the load path (Fig.4 ) in accordance to McDowell's experiments [9] in the tension/compression-torsion tests to obtain similar stress-strain history as in a point on the surface under rolling-sliding line contact case. All multiaxial force controlled tests were realized under sinusoidal wave loading with frequency of 0.1 Hz. Figure 4 contains results from the multiaxial ratcheting test, which was obtained by the symmetric tension/compression and by repeated torsion. The case with axial stress magnitude of 700MPa and shear stress magnitude of 400 MPa was realized for the wheel steel Class C. As the consequence of the repeated torsion applied to the specimen, the increase of the shear strain occurs cycle by cycle in the same direction as the torque is applied.
Three step loading test was also realized to study influence of load level on shear strain accumulation with the same ratio of maximal axial stress and maximal shear stress. Ratcheting phenomenon has been investigated also under uniaxial loading. The Fig.7 illustrates the accumulation of axial strain due to non-zero mean stress. The axial stress amplitude is 645MPa and the axial mean stress is 155MPa. The material exhibits steady state after completion of transient behavior. This is also evident from Fig.7 . 
Finite element simulations
The reduced version of MAKOC model [10] has been applied in subsequent finite element simulations. The cyclic plasticity model is based on AbdelKarim-Ohno kinematic hardening rule Material parameters of kinematic hardening rule C i and  i were identified from a large hysteresis loop with strain range of 2%. All other parameters were calibrated from the multiaxial ratcheting test. Material parameters of the cyclic plasticity model, used in all simulations are shown in the Table 1.
All finite element analyses were performed using program Ansys, where the constitutive equations were implemented. Firstly, the uniaxial multistep test was simulated and compared with experimental results, see Fig. 8 and 9 . It is clear, that the kinematic hardening rule of AbdelKarim-Ohno makes possible good prediction of ratcheting for the solved cases. The ratcheting rate is well predicted mainly in steady state, after stabilization of the strain response. 
Conclusions
There were presented some interesting results of realized uniaxial and multiaxial experiments, including such important effects as ratcheting and non-proportional hardening. Developed cyclic plasticity model called MAKOC [10] was successfully applied in the FEM simulations for chosen cases to describe the stress-strain behaviour of examined wheel steel correctly. The numerical results show very good prediction of stress-strain material behaviour under uniaxial strain controlled loading as well as stress controlled loading. The uniaxial and multiaxial ratcheting can be described simultaneously and accurately by the AbdelKarimOhno kinematic hardening rule because of steady state ratcheting of the material Class C. The influence of shear stress magnitude and mean shear stress was well described by the cyclic plasticity model in the simulation of McDowell test.
This type of fatigue test will be realized to compare ratcheting resistance of several materials for wheel sets production in a future work.
